The brains of four adult cats treated with pargyline (a nonhydrazide monoaminoxidase inhibitor) were examined at both the light and electron microscopic levels. Formation of typical mature cilia with the 9 + 2 pattern was observed in neural cells in the following areas: habenula nuclei, interpeduncular nuclei, hippocampus, mammillary bodies, thalamus, and caudate nucleus. The most marked ciliation occurs in the habenula nuclei. In general, glial cells greatly predominate in the formation of cilia. It is not clear whether ciliation in the central nervous system is the direct result of pargyline or if it occurs indirectly as a result of inhibition of monoaminoxidase. These findings are compared with the serotonin effect on ciliation in the embryogenesis of lower forms. It is suggested that pharmacological stimulation of centriolar reproduction without subsequent mitosis may lead to ciliary formation.
The presence of a single cilium in cells which are not normally ciliated has been reported occasionally. Taxi (28) observed cilia in neurons of the sympathetic nervous system, Grillo and Palay (12) in the Schwann cells of the autonomic system, Sorokin (25) in fibroblasts and smooth muscle cells and from neonatal and tissue culture material, and Breton-Gorius and Stralin (5) in primitive blood cells from rat and chicken yolk sac. In addition, Palay (21) , Dahl (8) , and Del Cerro and Snider (9) demonstrated cilia in neurons of the central nervous system.
The production of cilia in normally nonciliated cells, following various stimuli is known in a limited number of cases. This occurs in situ in epithelial cells lining surfaces or ducts and in mesodermal cells in vitro. Mannweiler and Bernhard (18) , using diethylstilbestrol, produced kidney tumors containing ciliated cells. Stubblefield and Brinkley (27) , using a Colcemid derivative, produced ciliated fibroblasts in vitro. Brenner (4) , using estradiol benzoate, demonstrated the complete regeneration in 5 days of the ciliated epithelium of the oviduct previously atrophied following hypophysectomy and ovariectomy. In a preliminary note (20) we reported the production of cilia in glial cells deep in the neuropil of the habenula nuclei following pargyline treatment. In further investigations, we have found that the production of cilia in the central nervous system of cats following pargyline treatment is a more general phenomenon. Neural cells, primarily glia, in at least six regions of the brain develop cilia.
MATERIALS AND METHODS
Five adult cats were injected daily with 20 mg/kg of pargyline (A 10120-MO 911, Abbott Laboratories, North Chicago, Ill.) for 6 days. Two more cats were treated with the same daily dosage for 4 wk. Three cats of the first group were assayed by Dr. E. Costa (Department of Pharmacology, Columbia University, New York.) for the inhibitor effect of pargyline on the monoaminoxidase (MAO) of the habenula, interpeduncular nuclei, caudate, and hippocampus by the method of MacCaman et al. (17) . The brains of the four remaining cats were perfused with 27 glutaraldehyde, phosphate buffered at pH 7.4. The areas of interest were removed, cut into small pieces, and placed into fresh cold fixative for a total of 2 hr. After several rinses in cold phosphate buffer, the tissue was postfixed for I hr with cold 1% osmium tetroxide buffered at pH 7.4, dehydrated, and embedded in Epon 812. Thick sections of 0.5-l/ were stained with toluidine blue in 0.5% aqueous solution. Thin sections were stained with both lead citrate for 4 min and alcoholic uranyl acetate solution for 15 min and examined with an RCA EMU 3F electron microscope.
The following areas of the brain were removed and studied: medial and lateral habenular nuclei, interpeduncular nuclei, hippocampus (fascia dentata), medial nuclei of the mammillary bodies, anterior thalamus, and head of the caudate nucleus.
OBSERVATIONS
Portions of ependymal lining cells of the medial nucleus of the habenula in both pargyline-injected and control cats were examined with the light microscope. The ependymal cells were ciliated, and the basal bodies (B, Fig. 1 ) were regularly aligned along the apical cell border, with the cilia arising in the cavity of the third ventricle (Fig. 1) . No differences were noted between normal and pargyline-injected cats.
Thick sections (0.5-Iu) of the habenula were examined in the light microscope at two levels: sections of the medial nuclei distant from the ventricular surface and sections of the lateral nuclei which lay at least at 0.15 mm (31 ) from the ependymal lining surface. The lateral nuclei are easily recognizable since their neurons are fewer in number and more dispersed. In both medial and lateral nuclei from the pargyline-treated animals, some cells have many darkly stained bodies which are randomly arranged throughout the cytoplasm and often clustered near the cell nucleus (A, Fig. 2 ). These structures are of the same size and similar in appearance to the basal bodies observed in the ciliated ependymal cells. Such bodies are not present in the control cats.
Electron microscopic study reveals, in medial and lateral nuclei of the habenula of all the pargyline-treated cats, clusters of cells containing numerous basal bodies and cilia. Many cilia can be seen in cross-section, longitudinal, or oblique profiles (Figs. [3] [4] [5] . Two characteristic arrangements of cilia-bearing cells are found in the neuropil. Two or more adjacent cells may form cavities which contain cilia and villi (Fig. 3) . On several sequential electron microscopic sections of these cells, no connection is observed between these extracellular cavities and the ventricular surface. The apposing cell membranes next to the dilated cavities have desmosome-like junctions (D, Figs. 4 and 5). Other cells observed in the lateral nucleus do not form extracellular cavities but conta;n numerous basal bodies collected near the nuclear zone (Fig. 4) . Profiles of membrane-bounded cilia are also apparent.
At the light microscope level it is somewhat difficult to decide whether the cells bearing cilia and basal bodies are glia or neurons. In their fine structural features most of the cilia-bearing cells appear to be glial, since they often show bundles of fibrils characteristic of astrocytes ( The cilia have the typical characteristics of mature cilia as observed throughout the animal kingdom (10) such as: basal bodies, ciliary rootlets, the 9 + 2 pattern at the stalk level, and the modification of having single outer microtubules at the tip (Fig. 5) .
In the other areas of the brain of pargylinetreated cats under study, many glial cells and some neurons are ciliated (Figs. 6-9) . In cross-sections, the 9 + 2 pattern of the cilia is apparent (Fig. 6) . The cilium may arise in the centrosome region from a typical basal body and is surrounded by the Golgi complex (Fig. 7) . In some neurons (Fig. 7) the presence of several ciliary rootlets which are not attached to any basal body suggests the existence of more than one cilium arising from the cell. Single cilia are observed frequently near single centrioles (Figs. 7 and 9 ). Carasso (7) has observed this arrangement in the retinal cells of amphibian larvae. She suggested that cilia formation involves only one of the components of the diplosome. Moreover, most of the glial cells observed in the various areas of the brain of treated cats show a pair of centrioles. In some areas, one or two of the centrioles seem to be closely associated with microtubules ( Figs. 8 and 9 ). This close association of microtubules with centrioles was first reported by Slautterback (24) and later was reported in neuroblasts by Herman and Kauffman (13) and COMMENTS Tennyson (29) .
The kidney and liver from two injected cats apThe cilia observed in the different areas of the peared normal when examined in the light and brain of the pargyline-injected cats are typical electron microscopes.
mature cilia with the 9 + 2 pattern (10). Dahl FIGURE 3 Electron micrograph of a portion of the medial habenula of an adult cat injected with pargyline. Two clusters of cilia and villi can be seen in cavities forming in this area which is deep in the neuropil. At least two cells contribute cilia and villi (V) to the cavities. There is no apparent connection between the cavities containing cilia and villi and the ventricular surface. N, nucleus; B, basal body. X 16,000.
(8) described, in the facsia dentata of the rat hippocampus ciliated neurons in which the cilia had an 8 + I pattern. According to Dahl the 8 + I pattern could correspond to a vestigial form, since the normal 9 + 2 pattern may be maintained by selection because it functions most efficiently in motility (22) . The cilia described by Sorokin as rudimentary in fibroblasts and smooth muscle cells from neonatal chicken (25) have been assigned a nonmotile status on the basis of the absence of the central doublet. In spite of the presence of a 9 + 2 pattern of the cilia produced after pargyline treatment, nothing can be deduced about their motility.
Since most of the ciliated cells are glia, the question arises about their relationship with the ependymal lining cells. The ependymal lining of the habenula is more or less convoluted, but the ciliated cells cannot belong directly to this border since they are found as well in the medial nucleus as in the lateral nucleus which is not lined with ependyma. Furthermore, the ciliated cells were never observed in the same areas of the six control cats (19) . On the other hand, the question arises whether these cells could be migrated ependymal cells that have lost all connection with the ventricular surface. In all the thick sections carefully examined at the light microscopic level we have never observed any direct connection between the ventricular lining cells and the ciliated cells deep in the neuropil. At the electron microscopic level, the basal bodies in ciliated cells are collected near the nucleus, in the Golgi zone. This location of basal bodies differs from that in the ependymal lining cells in which the basal bodies are arranged along the apical border (6, 30) . Furthermore, glial cells may form many cilia in the mammillary bodies (Fig. 6 ) as well as in the interpeduncular nucleus, and these nuclei are not lined by ependyma.
It is well known that cilia develop following centriole division and the production of numerous basal bodies which then migrate from the perinuclear area and make contact with the cell surface (8, 14) . The 9 + 2 pattern forms after a basal body attaches to the cell surface (14) . On the other hand, Sorokin (25) has demonstrated ciliation occurring when the basal bodies are dispersed throughout the cytoplasm. We have observed that basal bodies are usually randomly dispersed in the FIGURE 6 A portion of a glial cell from the medial nucleus of the mammillary body following pargyline treatment. Many profiles of basal bodies (B) are apparent. Some cross-sections of cilia (at arrows) show the typical mature 9 + 2 pattern. X 32,000. perinuclear area and that the 9 + 2 pattern is always present in the ciliary stalk, membranebounded in the cytoplasm. The fact that the cilia of the ciliated lining cells of the embryonic neural tube have a typical 9 + 2 pattern (30) suggests that the neural cells may have been induced by pargyline to take on their "parental" features.
It is important to emphasize that ciliation was observed only in pargyline-treated animals. Cilia were never observed in the neuropil of the unin-FIGURE 7 A portion of a neuron in the mammillary body following pargyline injection. An axosomatic synapse (S) is present on the neuron surface. A typical cilium can be seen arising from the neuron. A profile of a typical centriole (Ce) and two ciliary rootlets (Cr) can also be seen in this area. X 80,000. jected animals (19) . Pargyline is a specific, irreversible, nonhydrazide monoaminoxidase (MAO) inhibitor. It differs from other MAO inhibitors in that it has no known direct pharmacological action and it increases the serotonin content of the cat brain (26) . In a separate study with Dr. E. Costa (Department of Pharmacology, Columbia University), biochemical assays of three brains of pargyline-treated cats for MAO showed that MAO was 95-99% inhibited, according to the method of MacCaman et al. (17) . This raises the problem of whether pargyline acts directly on FIGURE 9 A portion of a glial cell from the hippocampus following pargyline treatment. Cross-section of a typical centriole (Ce) can be seen beside a base of a cilium (C). This area is surrounded by elements of the Golgi complex (G). A distinct microtubule (Mt) is present and is associated with the centriole. F, glial fibers; N, nucleus. X 36,000. ciliation in the central nervous system or ciliation is brought about indirectly as a result of inhibition of monoamine oxidase. It is evident that the MAO inhibition brings about the accumulation of biogenic amines, especially serotonin (26) . In this study the most marked production of cilia occurred in the habenula, an area known to be rich in MAO activity (3), i.e., in biogenic amine concentration. The concentration of biogenic amines is significantly higher in the habenula than in the other areas we studied.
There is some evidence that serotonin may affect the motility of cilia. It has been hypothesized that serotonin (5HT) functions as a local cilioregulatory "hormone" on the ciliated epithelium of the lamellibranch gill (1, 11) . Serotonin is also an endogenous factor inducing ciliary beats of the prototrocheal and velar cilia in nudibranchs (15) . The frequency of the ciliary beat is increased by the addition of exogenous 5HT and even more by addition of both 5HT and adenosine triphosphate (23) . Moreover, Benitez et al. (2) have shown that serotonin has a demonstrable effect in promoting contraction activity of oligodendroglial cells in explants of human brain maintained in vitro. However, it remains unknown whether serotonin induces cilogenesis.
In some preliminary observations with nialamide, another MAO inhibitor, no abnormal ciliation was observed. This suggests that ciliation may be brought about by direct pharmacological action of pargyline at the very large doses used in our experiments.
The animalization, namely the hyperdevelopment of the ectodermal derivatives of the sea urchin embryos with proliferation of the ciliary tuft, can be induced by numerous agents belonging to very different chemical classes (16) . The most active agents (in increasing order of activity) are thiocyanate and iodide iodosobenzoic acid, thiomalic acid, some sulfonic organic derivatives, and zinc ions (16) . It is interesting to note the contrast between drug-induced ciliation in the early stages of the life cycles of echinoderms (16) and its extreme rarity in tissues of vertebrate origin irrespective of their state of development or differentiation in vivo and in vitro.
It is also difficult to find some common denominator to the phenomenon of induced cilation in cells of vertebrate origin. Apparently, centriolar stimulation without subsequent mitosis leads to ciliation. No mitotic figures were found in the areas studied in pargyline-treated animals. Stubblefield and Brinkley (27) treated fibroblasts in culture with a Colcemid derivative which blocks mitosis. They observed formation of cilia only in cells which were not in division. Hilding and Hilding (14) produced ciliogenesis in the basal cells of the tracheal epithelium after the mechanical removal of the ciliated cells of the superficial layer. No mitosis was associated with ciliogenesis. It becomes apparent that the pharmacological stimulation of centriolar reproduction without the subsequent formation of a spindle figure may lead to ciliary formation.
